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Abstract Ultrastructure and intercellular interaction of
Ignicoccus hospitalis and Nanoarchaeum equitans were
investigated using two diVerent electron microscopy
approaches, by three-dimensional reconstructions from
serial sections, and by electron cryotomography. Serial
sections were assembled into 3D reconstructions, for
visualizing the unusual complexity of I. hospitalis, its huge
periplasmic space, the vesiculating cytoplasmic membrane,
and the outer membrane. The cytoplasm contains Wbres
which are reminiscent to a cytoskeleton. Cell division in
I. hospitalis is complex, and diVerent to that in
Euryarchaeota or Bacteria. An irregular invagination of the
cytoplasmic membrane is followed by separation of the two
cytoplasms. Simultaneous constriction of cytoplasmic plus
outer membrane is not observed. Cells of N. equitans show
a classical mode of cell division, by constriction in the mid-
plane. Their cytoplasm exhibits two types of Wbres,
elongated and ring-shaped. Electron micrographs of contact
sites between I. hospitalis and N. equitans exhibit two
modes of interaction. One is indirect and mediated by thin
Wbres; in other cells the two cell surfaces are in direct
contact. The two membranes of I. hospitalis cells are fre-
quently seen in direct contact, possibly a prerequisite for
transporting metabolites or substrates from the cytoplasm
of one cell to the other. Rarely, a transport based on cargo
vesicles is observed between I. hospitalis and N. equitans.
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Abbreviations
3D Three-dimensional
TEM Transmission electron microscopy
FEG Field emission gun
ECT Electron cryotomography
AOUH Acetone–osmiumtetroxid–uranylacetate–H2O
EGFU Ethanol–glutaraldehyde–formaldehyde–urany-
lacetate
Introduction
The current opinion of microbiologists on the lifestyle of
prokaryotes changed signiWcantly since the inception of the
Weld. Historically, a single cell was thought to interact with
the surrounding environment—liquid, cells, surfaces—on
its own. Subsequently it became clear that prokaryotic cells
interact with each other and today we know that their
predominant state of being is inside microbial communities.
One of the most unique interactions known so far is the
speciWc interaction of two archaeal species, with Ignicoccus
hospitalis (Paper et al. 2007) acting as host organism for
Nanoarchaeum equitans (Huber et al. 2002; Jahn et al.
2008). Together with I. islandicus and I. paciWcus (Huber
et al. 2000), I. hospitalis belongs to the crenarchaeal genus
Ignicoccus. All members are chemolithoautotrophs, using
exclusively molecular hydrogen as electron donor for the
reduction of elemental sulphur. I. hospitalis has the small-
est genome of all axenic Archaea known today, »1.4 Mbp
only (http://imgweb.jgi-psf.org/cgi-bin/w/main.cgi). Recent
results unravelled an important part of the physiology of
I. hospitalis, its unique way of CO2  Wxation (Jahn et al.
2007; Huber et al. 2008). In addition, cells of all three
Ignicoccus species possess a cell envelope with unusual
features: they lack any rigid cell wall component, like
S-layer or pseudomurein, as found in many other Archaea
described today (König et al. 2007). Ultrathin sections stud-
ied by transmission electron microscopy (TEM) show that
the cells are surrounded by two membranes in a unique
arrangement: the cytoplasmic membrane appears wavy, and
vesicles bleb oV from the cytoplasmic membrane into the
periplasm, or are taken up into the cytoplasm (Rachel et al.
2002; Näther and Rachel 2004; Paper et al. 2007). The
periplasm has a variable width of 20 up to 500 nm and con-
tains round or elongated vesicles, each surrounded by a
lipid membrane. The outer delineation of the periplasm and
of the whole cell is an outer membrane, consisting of
archaeal isoprenyl diether lipids (Jahn et al. 2004) and of
multiple (»105–106) copies of a thermostable, pore-form-
ing oligomer of a membrane protein; the mass of the
monomer is 6.23 kDa only (Burghardt et al. 2007). The cell
envelope, and therefore its components, like lipids and
proteins, is involved in the lifestyle of I. hospitalis, i.e. the
uptake of the basic nutrients, H2, CO2, elemental sulphur,
and ions. They are also assumed to play key role in the
speciWc cell–cell interaction with the potential ‘symbiont’,
N. equitans, either in mediating the contact, and/or in
transporting metabolites in one or both directions. This is
supported by facts known about the ‘symbiont’ N. equitans:
The cells cannot be cultivated alone but only in the
presence of and in contact with living I. hospitalis cells.
With only »0.49 Mbp, the N. equitans genome is the small-
est of all Archaea known today; it lacks genes for the
biosynthesis of lipids, amino acids, nucleotides and cofac-
tors (Waters et al. 2003). There is experimental evidence
that lipids (Jahn et al. 2004) and amino acids (Jahn et al.
2008) are transported from I. hospitalis to N. equitans.
The basis for understanding the cell–cell interaction is an
ultrastructural characterization of the cells, including the
site of contact, in three dimensions. Such data exist for
Archaea only in few cases. A direct interaction between
halobacterial cells was reported (Rosenshine et al. 1989) to
mediate the exchange of chromosomal DNA; the resolution
of the scanning electron micrographs was, however, to low
to show structural details. Two other modes for indirect
cell–cell contacts are known: cells of Pyrococcus furiosus
are interconnected via cable-like structures each made up of
about 40–50 Xagella (Näther et al. 2006); their function and
the substances which might be exchanged are under investi-
gation. For the hyperthermophile Pyrodictium, another
framework for cell–cell contact and, possibly, intercellular
transport of solutes was described: the cannulae, an extra-
cellular protein network of hollow tubules, were shown to
interconnect the periplasmic spaces of individual cells,
using dual-axis electron cryotomography (ECT; Nickell
et al. 2003).
For I. hospitalis and N. equitans, early data suggested a
direct contact via their cell surfaces (Huber et al. 2002);
structural details were obscured due to technical limita-
tions. Later, the periplasmic vesicles of I. hospitalis were
suggested to be part of a mechanism to supply cell compo-
nents to N. equitans (Waters et al. 2003) but no structural
data were provided. In order to elucidate the ultrastructure
of  I. hospitalis and N. equitans, we have, therefore,
employed ECT, which is, nowadays, the method of choice
for a 3D reconstruction of single cells (for reviews, see
Frank 1992; McIntosh et al. 2005; Lucic et al. 2005; Jensen
and Briegel 2007), and which provided spectacular results
(Medalia et al. 2002; ScheVel et al. 2006; Briegel et al.
2006). Considering that the average diameter of I. hospi-
talis cells of 2–3 m may limit the obtainable resolutionArch Microbiol (2008) 190:395–408 397
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(Grimm et al. 1998), we not only applied ECT but also a
complimentary technique, using serial sections of high-
pressure frozen, freeze substituted, resin-embedded sam-
ples (e.g. van de Meene et al. 2006; Wickert et al. 2004).
The sections validate the interpretation of an earlier study
(Rachel et al. 2002) showing that the cytoplasmic mem-
brane releases vesicles into the periplasm and also engulfs
vesicles into the cytoplasm. In addition, the data give new
insight into the cell biology of I. hospitalis and N. equitans:
they prove the existence of cytoplasmic Wlaments, they
show the diVerent modes of cell division in I. hospitalis and
N. equitans, and they give Wrst insight into the complexity
of the dedicated structures interconnecting the two archaeal
cells.
Materials and methods
Archaeal strains and growth medium
The type strain I. hospitalis KIN4/IT was obtained from the
Culture Collection of the Institute for Microbiology and
Archaea Centre, University of Regensburg. Cells were
grown in ½ SME medium at 90°C, as described (Huber
et al. 2000; Paper et al. 2007), with elemental sulphur as
electron donor and a gas phase consisting of H2/CO2
(250 kPa; 80/20, v/v).
Sample preparation
For optimal preservation of the ultrastructure, we used a
technique described earlier (Rieger et al. 1995,  1997),
based on a method described by Hohenberg et al. (1994),
with minor modiWcations. Cell suspensions were taken up
in cellulose capillaries, both ends sealed with glue, and
transferred into 20 ml of culture medium in serum bottles,
which were pressurized with gas (see above). After incuba-
tion, the capillaries were inspected for cell growth by
means of phase contrast light microscopy (Zeiss Axioplan,
objective lenses: 40£ NA 0.75; 100£ Oil NA 1.3). Sam-
ples were cryo-immobilized by high-pressure freezing
(Wohlwend Compact HPF 01; M. Wohlwend Engineering,
Sennwald, Switzerland; Buser et al. 2007) and dehydrated
by freeze-substitution (8–15 h at ¡90°C; 8 h at ¡60°C; 6 h
at  ¡30°C), in the following substitution solvents: (a)
AOUH: acetone, 2% OsO4, 0.1% uranyl acetate, 9.3%
H2O; (b) EGFU: 94.6% ethanol, 0.5% glutaraldehyde, 1%
formaldehyde, 0.5% uranyl acetate, 5.4% H2O (Walther
and Ziegler 2002). Samples were rinsed in pure acetone
twice at 0°C, and embedded in Epon at room temperature,
which was hardened at 60°C for 48 h. Single and serial
ultrathin sections (thickness: about 50–70 nm) were
obtained with a diamond knife (ultramicrotome: EM UC6,
Leica GmbH, Wetzlar, Germany). Sections were collected
onto pioloform coated grids (Cu, 1 £ 2 mm slots or 200
mesh; Ni 200 mesh), and contrasted using 2% uranyl ace-
tate and lead citrate.
Immuno-labelling
Essentially, we followed a protocol recently established in
our laboratory (Burghardt et al. 2007). Sections on grids
were treated with PBS + 0.1% glycine, to inactivate resid-
ual aldehyde on the section surface, then on PBS + 1%
BSA to block unspeciWc binding (5 min each). Incubation
with the primary antibody, diluted in PBS-BSA, was done
for 45 min. After Wve washing steps in PBS-BSA (2 min
each), the sections were exposed to the secondary antibody
(goat anti-rabbit 6 nm Gold, for 45 min; or goat anti-rabbit
ultrasmall gold, for 120 min; both, 1:20 dilution in PBS-
BSA). After washing twice in PBS (2 min each), the anti-
bodies were Wxed with PBS + 1% glutaraldehyde (5 min).
Sections were washed Wve times with H2O and contrasted
as above. In case of secondary antibodies with ultrasmall
gold particles, a silver enhancement was done as described
(Danscher 1981; Stierhof et al. 1992).
Imaging
Grids were scanned for suitable specimen areas using a
wide-angle video-rate CCD-camera (TV 673 Mk III; Gatan,
Munich, Germany). Electron micrographs were recorded
digitally using a slow-scan CCD camera (1,024 £
1,024 pixels; TVIPS GmbH, Gauting, Germany), at a
primary magniWcation between 3,000 and 17,000£ (abso-
lute pixel size: 4.0–0.7 nm). Because of the limited Weld of
view of one image at these magniWcations, up to 36 over-
lapping images were recorded of all cells in this study. A
single montage was generated using the ‘tiling software’
(EM-MENU 3 or 4; TVIPS).
3D reconstruction
Digital images were cut to identical square dimensions,
scaled to 8 bit, reduced in resolution by binning, and read
into AMIRA 4.0 (Visage Imaging, Fürth, Germany). Align-
ment of the images was done by translation and rotation.
Contours of parts of the cells—the cytoplasmic and the
outer membrane; the vesicles in the cytoplasm and peri-
plasm—were outlined and colour-coded for each single
image of a series. The Wnal reconstruction included a
smoothing of the surface, in order to reduce the rigid steps
due to the individual sections in the resulting 3D models.
For better visualization of details, movies of rotating cells
(available as supplementary material) were recorded using
a ‘movie maker’ integrated in the software package.398 Arch Microbiol (2008) 190:395–408
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Electron cryotomography
Suspensions of I. hospitalis and N. equitans cells were
applied onto grids with holey carbon Wlms, plunge-frozen
in liquid ethane, and stored under liquid nitrogen. Electron
cryotomography was performed on a FEI CM 300 FEG at
300 keV, equipped with a Gatan Imaging Filter GIF 2002
(Gatan, München, Germany). Tilt series were recorded in a
tilt range from ¡50° to +60°, with 2° increment. After
alignment using gold clusters as Wducial markers, the 3D
reconstruction was obtained by weighted back-projection
using IMOD (Mastronarde 1997) or the EM programme
(Hegerl 1996). The Wnal data set was median-Wltered and
visualized using AMIRA. Segmentation of the N. equitans
and I. hospitalis cell walls was done manually; the Wlamen-
tous connections were detected automatically using a
computational correlation of Wlamentous structures perpen-
dicular to the cell membranes (Linaroudis and Baumeister,
unpublished).
Results
Light microscopy observations
Our experiments started with the inoculation of 200 m
thick cellulose capillaries with about 1–2 l of a cell
suspension of living I. hospitalis together with N. equi-
tans. The capillaries were sealed with glue, rather than
with hot forceps tips, as in a previous study (Rieger et al.
1995), and incubated in culture medium for about 28 h.
Growth of I. hospitalis cells inside the lumen of capillar-
ies proceeded to signiWcantly higher densities than when
grown in liquid medium, as observed by phase contrast
light microscopy (Fig. S1 in electronic supplementary
material). Because only a 40£ objective lens (NA 0.75)
could be used, N. equitans cells were too small to be
identiWed. In the surrounding medium, I. hospitalis cells
with one to ten adherent N. equitans were regularly
found, using a 100£ objective lens. In semi-thin cross-
sections after resin (Epon) embedding (Fig. S1B), cells
were predominantly seen in the close vicinity of the
inner surface of the cellulose capillaries; hardly any
cells were found in the inner part of the capillary lumen.
When ultrathin sections of capillaries were observed by
transmission electron microscopy (TEM), about Wve
cells of I. hospitalis were found per section, most of
them in the vicinity of the capillary, in a distance of up
to »10 m. On average, only one-twentieth to one-tenth
of the I. hospitalis cells was sectioned in a plane which
contained at least one N. equitans cell. This shows that
the number of suitable sections is limiting in such an
approach.
Ultrastructure of a whole cell of Ignicoccus hospitalis
A 2D projection of a plunge-frozen whole cell of I. hospi-
talis in a near-native state, imaged in a 300-keV FEG-TEM,
is shown in Fig. S2A in electronic supplementary material.
Two ‘Xagella’-like appendages emanate from the cell sur-
face (Fig. S2A; white arrows and arrowheads). The two
appendages are anchored in (or underneath) the cytoplas-
mic membrane, and traverse the periplasmic space. This is
barely visible in the reproduction for the Wgure, because of
very low contrast. In ultrathin sections, this has not been
observed, yet. Figure S2B shows the XY slice of a tomo-
gram (3D reconstruction) of a tilt series of another I. hospi-
talis cell: the cytoplasmic membrane, enclosing the tightly
packed cytoplasm; the 100-nm wide, less crowded periplas-
mic space, and the outer membrane. Although the large
diameter of the cell (2–3 m) limits the resolution of the
tomogram, ribosome-like particles and regions of ‘dense
aggregates’ can be seen.
The cytoplasm of I. hospitalis and cell division
Cells of I. hospitalis, when prepared by high-pressure
freezing and freeze substitution, exhibited a tightly packed,
almost homogenous, Wne granular cytoplasm (Figs. 3, 4, 5,
6, 7). It is densely contrasted, in particular in direct compar-
ison with the periplasm or the resin surrounding the cells,
both of which show no contrast. In about one-third of all
sections of intact I. hospitalis cells, longitudinal Wbres were
observed in the cytoplasm, up to 500 nm in length, and 30–
100 nm, rarely up to 300 nm wide, which in most cases
were straight, rarely slightly bent (Fig. 1). Their distribu-
tion in the cytoplasm varied: they were not preferentially
localized in the centre of the cell or close to the membrane.
When cells were freeze-substituted in EGFU (Fig. 1b), the
Wbres exhibited a Wne texture, like a regular arrangement of
subunits in bundles of thin Wlaments. The main periodicities
on the longitudinal axis were at (15 nm)¡1 and (7.5 nm)¡1,
and on the transverse axis at (20 nm)¡1, (10 nm)¡1, and,
rarely, at (6.6 nm)¡1. Obviously, the molecular structure of
the Wbres was better preserved after freeze-substitution in
EGFU than in AOUH. Their presence did neither depend
on the size of the I. hospitalis cells nor the presence of N.
equitans cells.
Very rarely, cells of I. hospitalis were visualized in the
course of cell division (Fig. 2). In a Wrst step, the cytoplasm
divided into two parts. The separation did not proceed, as
known for many prokaryotes and as observed for N. equi-
tans (Figs. 6a, 7g, h), by constriction from the outside, but
by some kind of invagination, propagating in a broad front
or from many distinct spots, possibly in a direction perpen-
dicular to the section plane. The dividing plane between the
two cytoplasms, when seen at high magniWcation (Fig. 2d),Arch Microbiol (2008) 190:395–408 399
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appears irregular: at some spots, a gap has formed, which is
delineated by two cytoplasmic membranes, enclosing a
space with low density, like in the periplasm. At other
spots, the two cytoplasms are not separated, yet. In a next
step, the two cytoplasms separate and round up (Fig. 2b).
Later, numerous vesicles are released from the cytoplasmic
membrane into the periplasm between both cytoplasms
(Fig. 2c). This process ultimately leads to the formation of
a new outer membrane in a plane between the two cyto-
plasms (Fig. 6 in Rachel et al. 2002).
In very few cells, the cytoplasm exhibited lower con-
trast, i.e. it was less densely packed, and concomitantly, the
periplasm almost had the same contrast as the cytoplasm
(Fig. 4). Serial sections revealed that the cytoplasmic mem-
brane was damaged in several slices, i.e. at one spot, which
resulted in an ‘outXow’ of cytoplasmic material into the
periplasm (Fig. 4b).
The I. hospitalis outer membrane
Each cell of I. hospitalis contains two membranes, the cyto-
plasmic membrane, the boundary of the cytoplasm, and the
outer membrane, which delineates the periplasm outside the
cell. Figure 3 shows the outer membrane of one cell
(Fig. 3c) in diVerent manifestations: in most cases as an
asymmetric double line, i.e. a strongly contrasted, outer
Fig. 1 Filaments in the cytoplasm of I. hospitalis cells, observed in
transmission electron micrographs of ultrathin sections. Following cul-
tivation in cellulose capillaries, cells were cryo-immobilized, freeze-
substituted, and embedded in Epon. For a cells were freeze-substituted
in AOUH; for b in EGFU. a Cytoplasmic Wlaments are marked by
white arrows. b Cytoplasmic Wlaments composed of protoWlaments,
with regular arrangement of subunits. Inset in d Fourier spectrum of
the longitudinal Wbre. White arrows point to periodicities at (15 nm)¡1
and (7.5 nm)¡1 on the longitudinal axis, and at (20 nm)¡1 and
(10 nm)¡1 on the transverse axis. Bars 200 nm
Fig. 2 Stages of cell division in 
I. hospitalis, observed in trans-
mission electron micrographs of 
ultrathin sections. In all three 
cells, the two cytoplasms are al-
most or fully separated, but yet 
included in one outer membrane. 
a Cell in the early stage of divi-
sion; the gap between the two 
cytoplasms is shown enlarged in 
d. b and c Cells in a later stage of 
division. Boxed area in b is 
shown enlarged in Fig. 3e. Cells 
were prepared as described in 
“Materials and methods”, with 
freeze-substitution in AOUH. 
Bars 1 m (a–c), 200 nm (d)400 Arch Microbiol (2008) 190:395–408
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Fig. 3 Outer membrane struc-
ture in I. hospitalis, observed in 
transmission electron micro-
graphs of ultrathin sections, pre-
pared as described in “Material 
and methods”; freeze-substitu-
tion was in AOUH. Three parts 
of the cell shown in c are en-
larged in a, b, and d; the arrows 
point to the outer membrane, 
shown as asymmetric membrane 
(a), as symmetric membrane (b), 
and as split membrane (d). Outer 
membrane and cytoplasmic 
membrane in close and constant 
vicinity (Fig. 2b) are shown en-
larged in e. Outer and cytoplas-
mic membrane are shown almost 
fused in f. Cy cytoplasm, CM 
cytoplasmic membrane, Pp peri-
plasm, OM outer membrane. 
Bars 1 m (c), 200 nm (a, b, 
d–f)Arch Microbiol (2008) 190:395–408 401
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line, accompanied by a weakly contrasted, inner line
(Fig. 3a); occasionally as two apparently identical, parallel
lines, i.e. with same contrast (Fig. 3b). Rarely, the outer
membrane is seen as two separate lines, i.e. it is split into
two single leaXets, which are not identical in contrast
(Fig. 3d). The thickness of the double lines is at about 8–
10 nm, the single lines at 4 nm. The cytoplasmic membrane
is easily identiWed as two parallel lines with same contrast
(Fig. 3a, b, d), i.e. as a symmetric membrane with a thick-
ness of about 10 nm.
The distance between the outer membrane and the cyto-
plasmic membrane varies considerably, as illustrated in
Figs. 2, 3, 4, 5 and 7. In most cells, cytoplasmic membrane
and outer membrane are not in close vicinity with each
other in about 80–90% of the circumference of the cell.
They are separated from each other by a distance of 30–
500 nm, rarely up to 1 m (Fig. 7g), thus deWning the large
periplasmic space. In the remainder of the circumference of
the cell, however, the two membranes are either in close
and almost constant vicinity—about 20–30 nm in width
(Fig. 3e)—or in direct contact with each other (Fig. 3f). The
size of the contact area is diYcult to determine quantita-
tively if only single sections are available; it is estimated to
about 10–20% of the area of the cytoplasmic membrane,
using geometrical considerations on a spherical segment of
the cell shown in Fig. 5.
3D reconstruction of I. hospitalis from serial sections
As shown above (Fig. S2), the large diameter of an I. hospi-
talis cell is not favourable for electron cryotomography of
whole cells. Therefore, we used serial sections in order to
obtain a 3D reconstruction. Considering the diameter of a
single cell with about 2 m, this cell would be completely
visualized in a minimum of about 30 sections, 70 nm each.
We were able to complete two series, both with more than
20 sections, in both cases covering more than half of an I.
hospitalis cell (Figs. 4, 5). The result of the Wrst series com-
prising 28 sections (Fig. 4) shows about half a cell with a
rather smooth cytoplasmic membrane, with only few vesi-
cles in the periplasm. In addition, the two compartments,
the cytoplasm and the periplasm, diVer only slightly in the
staining intensity. A closer look reveals that the cytoplas-
mic membrane of this particular cell is opened, i.e. dam-
aged (Fig. 4b), and the contents of the cytoplasm are
released into the periplasm. Possibly, this is not the result of
the sample preparation process, as another cell in the same
section exhibited a densely contrasted cytoplasm, i.e. the
cytoplasmic membrane was intact (not shown). Neverthe-
less, the 3D representation of this cell (volume: »7.2 m3;
Fig. 4e) gives a good impression of the huge volume of the
periplasm (»4.8 m3), in comparison to the volume of the
cytoplasm (»2.4 m3).
The second series comprised 23 sections in total (Fig. 5).
In the 3D reconstruction (Fig. 5e, f), the outer membrane
was artiWcially removed, in order to reveal a clear view
onto the cytoplasmic membrane (orange), in particular its
high degree of undulation and the vesicles that were formed
in the periplasm. Some vesicles had no contact with the
cytoplasmic membrane, as clariWed in the 3D visualization.
This is best visualized in movies showing the cell in rota-
tion (supplementary material). A small part of the cytoplas-
mic membrane was, as in other cells, in close vicinity, or in
contact with the outer membrane; this area is highlighted in
yellow. On the outer membrane of this I. hospitalis cell, a
cell of N. equitans was found to be attached (Fig. 5a). The
contact site was, unfortunately, sectioned in an oblique
angle, thereby obscuring any detail (not shown). In this
cell, the volume of the periplasm was about 3 m3, and that
of the cytoplasm about 4.4 m3.
Fig. 4 3D reconstruction of half 
a cell of I. hospitalis on the basis 
of 28 serial ultrathin sections. 
Sample was prepared as de-
scribed in “Materials and meth-
ods”. a–d Four selected 
equidistant sections of the whole 
data set. e 3D reconstruction of 
the data set, generated in 
AMIRA®, based on all ultrathin 
sections. Volumes of the cyto-
plasm and the periplasm are giv-
en in the text. White arrows 
point to periplasmic vesicles. 
Purple/rose cytoplasmic mem-
brane. Pale yellow outer mem-
brane. Bars 1 m402 Arch Microbiol (2008) 190:395–408
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Ultrastructure of N. equitans cells
In ultrathin sections, cells of N. equitans appear as round,
occasionally lobed cocci (Figs. 6,  7,  8). They exhibit a
tightly packed, densely stained cytoplasm, which is sur-
rounded by a cytoplasmic membrane, a 20-nm wide peri-
plasmic space, and as outermost sheath, an S-layer, a two-
dimensional array with imperfect crystallinity, made up of
multiple copies of a single glycoprotein (Schuster, Huber
and Rachel, unpublished). Depending on the substitution
medium, subtle diVerences are observed: after freeze-sub-
stitution in AUOH, the cytoplasm is tightly packed and
densely contrasted (Figs. 6a,  7a). After substitution in
EGFU, the N. equitans cytoplasm exhibits a subtly diVeren-
tiated Wne structure: a central area is tightly packed and
smooth, like the nucleoid observed in sections of other pro-
karyotes, while the periphery of the cytoplasm, close to the
membrane, contains small spherical bodies, most likely
ribosomes (Fig. 6b). In both cases, the periplasm is also
stained, i.e. it is a compartment of the cell which contains
(bio-)molecules (Figs. 6b, c, 7a, h). Rarely, N. equitans
cells are elongated and/or show a central constriction,
which most likely is an early phase of cell division
(Figs. 6a, 7g). The data observed in ultrathin sections of
freeze-substituted, resin-embedded cells are in good agree-
ment with XY slices taken from tomograms of frozen-
hydrated cells, obtained by ECT: a central nucleoid and
ribosomes in the periphery of the cytoplasm are characteris-
tic features (Fig. 6d). In addition, XY slices of the tomo-
gram provide evidence that the cytoplasm of N. equitans
contains elongated (Fig. 6d) and ring-shaped bundles of
Wlaments (Fig. 6e), possibly elements of a kind of cytoskel-
eton; their biochemical nature is unknown, at present.
Contact site between I. hospitalis and N. equitans
Cell contact sites between the two Archaea in ultrathin sec-
tions are observed only rarely, because of the small area of
this structural feature. In the course of this study, we were
able to collect micrographs of about 120 contact sites, in
total. For only »30 of these, sample preservation, section
plane and image quality were satisfactory in order to
deduce structural information. Representative examples are
shown in Fig. 7. From our recent experience with series of
thin sections, each with a thickness of about 70 nm, the
contact is visualized at its best in one single section, only.
Adjacent sections already show the two cells as being ‘sep-
arated’ from each other (Fig. 7f), i.e. no direct contact is
visible.
The electron micrographs of cell contact sites were ana-
lysed especially for two aspects: the organization of the two
I. hospitalis membranes, in particular the gap in between,
and the gap between the two cell surfaces. First, the two
membranes: In 25 of 30 micrographs (83%), N. equitans
Fig. 5 3D reconstruction of two-third of a cell of I. hospitalis on the
basis of 23 serial ultrathin sections. Sample was prepared as described
in “Materials and methods”. a–d Four selected sections of the whole
data set. e, f 3D reconstruction, generated in AMIRA after stripping
away the outer membrane, in order to visualize the periplasmic vesicles
and the cytoplasmic membrane. e Side view; f top view. Orange
surface area of the cytoplasmic membrane forming/releasing vesicles;
yellow surface area of the smooth part of the cytoplasmic membrane,
which is in close vicinity with the outer membrane. Horizontal white
lines in the model in e indicate the approximate level of the sections
shown in a–d, respectively. White arrows (in b, c, e, f) point to peri-
plasmic vesicles; black arrows (in b, d) point to membrane vesicles in
the cytoplasm. Bars 1 mArch Microbiol (2008) 190:395–408 403
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cells were found attached to I. hospitalis at a site where the
cytoplasm of I. hospitalis and therefore also the cytoplas-
mic membrane were in direct contact with the outer mem-
brane (Fig. 7b, d–f), or in close proximity; the gap had a
maximum width of 30 nm (Fig. 7a, c) and did not contain
periplasmic vesicles (which were only found in the remain-
der of the periplasmic space). At least in these cells, the
cytoplasm appeared to play a role in the contact site, but not
the periplasmic vesicles. In 5 of 30 of the micrographs
(17%), N. equitans cells were shown to be attached to the
outer membrane of I. hospitalis where the I. hospitalis cell
had an at least 300 nm wide periplasmic space, Wlled with
numerous vesicles (Fig. 7g, h). At higher magniWcation
(Fig. 7h), the outer membrane was seen to arch inwards
towards a periplasmic vesicle, which was Wlled with
densely stained material; the outer membrane and the vesi-
cle membrane were in direct contact. In this cell, the peri-
plasmic vesicles appeared to play a role in the contact site,
while the cytoplasm was unlikely to be involved. Second,
the gap between the cells: In at least 50% of the sites of cell
contact, the gap between the two cell surfaces was about
50–60 nm wide, and contained a kind of Wbrous material
(Fig. 7a, d, e, g, h). In other sections, there was no gap
between the two cell surfaces, i.e. the outer membrane of
I. hospitalis and the S-layer of N. equitans were in direct
contact (Fig. 7b, c). Hollow tubes were never observed
between the cells.
These Wndings were supported and amended from tomo-
graphic data, obtained by ECT (Fig. 8), although in a more
diVerentiated way. In one XY slice (Fig. 8a), the N. equi-
tans cell was seen almost in direct contact with the I. hospi-
talis host. In another slice of the same tomogram (Fig. 8b),
there was a gap of about 50 nm between both cell surfaces,
and several thin Wbres interconnected the two cells. Two of
these Wbres are visualized at higher magniWcation in Fig. 8c
and d. The extent of these connections was investigated by
a computational search of the dataset using a correlation
function, perpendicular to the cell membranes. The seg-
mentation of the search result is shown in Fig. 8e. The Wla-
ments (yellow) connect the cytoplasm of N. equitans
through its cell wall (blue) and reach through the mem-
branes of I. hospitalis (purple) to the cytoplasm of the host
cell.
From the data obtained so far, we can give a rough esti-
mation of the area for the contact site. The surface of the N.
equitans cell is in the range of 500,000 nm2. For a contact
site with a diameter of 40 nm (Fig. 7b), the contact area is
at around 1,250 nm2, i.e. 1/400 of the N. equitans surface. If
the contact site is as large as 170 nm (Fig. 8a), it is at
22,000 nm2 and therefore 1/22 of the N. equitans surface.
Fig. 6 Ultrastructure of 
N. equitans, incl. cell division, 
as seen by transmission electron 
microscopy of sections (a–c) 
and by electron cryotomography 
(d, e). For a–c cells were pre-
pared for sections as described in 
“Materials and methods”; for a 
cells were freeze-substituted in 
AOUH; for b and c in EGFU. 
SL S-layer, Pp periplasmic 
space, CM cytoplasmic 
membrane. d, e XY slices from a 
tomogram of an N. equitans cell, 
obtained by ECT. White arrows 
point to longitudinal 
cytoplasmic Wlaments (d) and to 
ring-shaped Wlaments (e). Bars 
in a, b, d, e 200 nm. c Is part of 
b, and further enlarged by a 
factor of two404 Arch Microbiol (2008) 190:395–408
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Discussion
For the electron microscopy investigation of this study,
cells of I. hospitalis in co-culture with N. equitans were
grown inside the lumen of cellulose capillaries. In this
container, cells grow to considerably higher density than
planctonic in liquid medium (Rieger et al. 1995,  1997;
Paper et al. 2007), and any centrifugation step is avoidedArch Microbiol (2008) 190:395–408 405
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which might destroy the delicate cell–cell interaction
between cells (Rieger et al. 1997). In addition, cellulose
capillaries are ideal specimens in size and geometry for
cryo-immobilisation using high-pressure freezing, freeze-
substitution and resin embedding (Hohenberg et al. 1994).
Although the cells grow to high densities inside the capil-
laries, still ‘only’ Wve, rarely also ten cells are observed in
one 70-nm ultrathin section. These cells did not, however,
suVer from centrifugation forces, and their ultrastructure
was well preserved. In particular, the cytoplasm is tightly
packed and densely contrasted, an aspect which is rarely
seen in archaeal cells after conventional processing includ-
ing chemical Wxation and room temperature dehydration.
This method is, at present, the best way to obtain reliable
and reproducible TEM results. Quite clearly, cryo-immo-
bilisation is an absolute requirement in order to arrest these
delicate archaeal cells in the living state (see also Rachel
et al. 2002). Members of the genus Ignicoccus are—besides
Thermoplasma—the only Archaea without any cell wall
polymer which could reinforce and/or protect the cell enve-
lope, like 2D crystalline S-layer sheets, or pseudomurein
(König et al. 2007). During further processing of the sam-
ples, the use of EGFU for freeze-substitution turned out to
be superior to AOUH; it helped to better preserve the Wne
structure of cytoplasmic Wlaments (in I. hospitalis cells),
the compartmentalization in N. equitans cytoplasm (nucle-
oid in centre; ribosomes in the periphery), and the antige-
nicity in both cells. Samples prepared in this way were used
in a recent study to show that one membrane protein,
‘Ihomp1’, was exclusively localized in the outer membrane
of I. hospitalis cells (Burghardt et al. 2007, 2008). More
recently, antibodies speciWcally raised against the S-layer
protein of N. equitans were found to exclusively bind to the
surface of these cells (K. Schuster, S. Gürster, C. Meyer, H.
Huber, and R. Rachel, unpublished).
The possible function of the cytoplasmic Wlaments
observed remains unclear, as long as they have not been
isolated and characterized biochemically, and/or deletion
mutants are available. Several explanations are possible:
they might be intracellular (Wlamentous) crystals of cyto-
plasmic proteins naturally expressed in high amounts, like
ribosome, thermosome, or peroxiredoxin (Burghardt et al.
2007, 2008). Crystals of similar size were also observed in
sections of cells from another Crenarchaeum, Pyrodictium
abyssi, prepared under identical conditions (Rieger et al.
1995). Alternatively, these crystals may also represent an
(oblique) section through a bundle of an archaeal cytoskele-
ton, similar as observed in whole bacterial cells by electron
cryotomography, e.g. in Caulobacter crescentus (Briegel
et al.  2006),  Magnetospirillum gryphiswaldense (ScheVel
et al.  2006), and Spiroplasma melliferum (Kürner et al.
2005). Some of the bacterial cytoplasmic Wlaments are dis-
cussed to consist of MreB, an actin-like protein, or FtsZ, a
protein with a tubulin fold (Löwe et al. 2004). At present,
the biochemical nature of these Wlaments in I. hospitalis is
unknown: in the annotated genome of I. hospitalis (see, e.g.
http://imgweb.jgi-psf.org/cgi-bin/w/main.cgi), like for
other Crenarchaeota, there is no hint for the presence of any
of the mentioned genes.
Fibres were, in addition, observed in the N. equitans
cytoplasm by ECT. One type was straight, i.e. similar to the
Fig. 8 3D reconstruction of I. hospitalis and N. equitans, based on
data obtained by electron cryotomography. a, b XY slices through the
tomogram (eVectively virtual sections, perpendicular to the electron
optical axis) in diVerent levels, obtained by 3D reconstruction of both
cells. Ih I. hospitalis cell, Ne N. equitans cell. c, d Twofold enlarged
parts of b. White arrows in b, c and d point to Wbres between the cells.
e Visualization of both cells after segmentation, using AMIRA. Red sur-
face of the I. hospitalis cell; blue outer rim of the N. equitans cell; yel-
low Wbres interconnecting both cells. Bars 500 nm
Fig. 7 Contact sites of I. hospitalis with cells of N. equitans in trans-
mission electron micrographs of ultrathin sections. Samples were pre-
pared as described in “Materials and methods”, and freeze-substituted
in AOUH (a, c–h) and in EGFU (b). a I. hospitalis (Ih) and N. equitans
(Ne) connected by Wbrous material. b Outer membrane of I. hospitalis
and the cell surface of N. equitans in direct contact, and, in addition,
both membranes of I. hospitalis in close contact. c–f Four examples of
the variation of contact sites; c direct contact of the I. hospitalis outer
membrane with the cell surface of N. equitans. d, e Fibrous material in
the gap between the two cells. f In this section plane, the contact
between the two cells is not visible; the two I. hospitalis membranes
are in direct contact. g A diVerent type of contact site between I. hosp-
italis (Ih) and N. equitans (Ne), interconnected by Wbrous material.
Here, the periplasmic space in I. hospitalis is large and contains
vesicles. Note the elongation and central indentation of the N. equitans
cell, indicating an early phase of division. Bars 1 m (g) and 200 nm
(a, also for c–f, b, h)
406 Arch Microbiol (2008) 190:395–408
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Wlaments observed in other Bacteria and in I. hospitalis.
The circular Wlaments were reminiscent of the ring-like
structures observed for ftsZ-GFP by Xuorescence light
microscopy (Ma et al. 1996); the constriction of N. equitans
cells might indicate the presence of an FtsZ ring in the divi-
sion plane (Wang and Lutkenhaus 1993; Li et al. 2007). As
a matter of fact, two genes were annotated to code for FtsZ-
like proteins in the genome of N. equitans (Waters et al.
2003). Electron micrographs showing stages of cell divi-
sion are rare, most likely, because it is, in comparison to the
doubling time, a fast process. For two other members of the
Crenarchaeota,  Pyrodictium abyssi and Thermoproteus
tenax, cell division was shown to last only a few minutes,
under in vivo conditions (Horn et al. 1999). The ultrastruc-
tural data clearly demonstrate that two very diVerent modes
of cell division exist in N. equitans and I. hospitalis: in N.
equitans, by constriction in mid-plane of the cocci, and in I.
hospitalis, by some kind of irregular invagination, separa-
tion of the two cytoplasms, and synthesis of a new outer
membrane in the periplasm, between the cytoplasms. It will
be interesting to analyse which proteins are involved in cell
division, in particular in I. hospitalis. As cell division con-
sumes energy and involves the reorganization of mem-
branes, the search will also focus on yet unknown ATPases
or GTPases, either integrated in or associated with the cyto-
plasmic membrane.
The Ignicoccus outer membrane is still unique among
the Archaea (König et al. 2007). It contains, in contrast to
the cytoplasmic membrane, diether lipids only, but no
tetraether lipids (Jahn et al. 2004), and therefore, the two
leaXets can fracture in freeze-etch experiments (Rachel
et al. 2002) and, artiWcially, during freeze-substitution and
embedding (Fig. 3d). It also has a very limited protein
inventory, i.e. million copies of a single and small protein,
‘Ihomp1’, in form of pore-forming complexes (Burghardt
et al. 2007). These data and the lipid analyses (Jahn et al.
2004) suggest the presence of mechanisms to sort and pro-
cess those lipids and proteins which are destined for the
outer membrane: either at the cytoplasmic membrane, at the
contact site of cytoplasmic and outer membrane, or in the
periplasmic vesicles. The micrographs of dividing I. hospi-
talis cells (Fig. 2) let us assume that, during cell division,
these vesicles are involved in the delivery of constituents of
a new outer membrane, e.g. the (selective) transport of
diether lipids and protein precursors out of the cytoplasmic
membrane. Other micrographs (Fig. 7g, h) suggest that they
also act as vehicles for the directed transport of metabolites
through the periplasm to the outer membrane, where they
are  Wnally released to the ‘symbiont’ N. equitans. Cur-
rently, we are developing methods to obtain the vesicles in
suYcient amounts for biochemical analyses, in order to
clarify their content and possible function; so far, no con-
clusive results were obtained yet.
This study provided Wrst insights into the structure of the
contact sight between I. hospitalis and N. equitans. This is
fundamental, in order to understand how the postulated
transport of metabolites is organized at the subcellular level.
There is no evidence for the presence of tubular structures,
like in Pyrodictium (Nickell et al. 2003), or that the two
cytoplasms fuse, in form of a cytoplasmic ‘bridge’. Thin
sections and ECT data show the existence of an area, where
the surface structures of the two cells are either in close
vicinity (with some Wbres in the gap between the cells), or in
direct contact. These two diVerent modes of contact may
represent diVerent states, on the timescale, which we cannot
resolve, at present. In cross-sections, the site of direct con-
tact measures 40–50 nm, resulting in an area of »1,000–
2,000 nm2. (We assume that the area of the contact site in
Fig. 8e is artiWcially enlarged due the fact that cells for ECT
needed to be concentrated by a short centrifugation step.)
The area is large enough to include at least 25–50 of the 7-
nm outer membrane pores, made of the Ihomp1 protein
(Burghardt et al. 2007), and, in the I. hospitalis and N. equi-
tans cytoplasmic membranes, at least 50–100 ABC trans-
porters, which might be involved in the contact site
(Hollenstein et al. 2007). Transporters of this type are
encoded by the genomes of both organisms. They are known
to utilize the energy of ATP hydrolysis to carry a wide vari-
ety of substrates across membranes. Two ‘binding proteins’,
components of ABC transporters, were recently shown to be
expressed in I. hospitalis cells (Burghardt et al. 2008). This
would be suYcient to transport small molecules like amino
acids (and possibly also nucleotides) from I. hospitalis to N.
equitans, as was recently demonstrated (Jahn et al. 2008).
Even the necessary transport of lipids (Jahn et al. 2004)
might be arranged by ABC transporters (Dean et al. 2001);
this needs to be veriWed in the case of these Archaea. In the
surrounding of the contact site, a corona of thin Wbres was
found which might help to stabilize the delicate contact site.
These Wbres seem to be in contact with or anchored in the
cytoplasmic membranes of both organisms. In addition, we
also provide evidence for an alternative transport of metabo-
lites via periplasmic cargo vesicles, as it was previously
suggested (Waters et al. 2003).
The limitation of the current 3D data is the low resolu-
tion in the third dimension: in the case of serial sections,
this is due to the section thickness of 70 nm. This may be
reduced by a factor of two, if thinner sections are available,
but there is doubt, whether the gain in information is worth
the huge eVort. Electron cryotomography of intact cells
might be used, too, but is constrained in this special case by
the huge diameter of I. hospitalis cells, often exceeding
2 m, a fact which limits the resolution attainable in the
reconstruction (Grimm et al. 1998). Other, yet unexplored
routes for obtaining 3D information on this type of
specimen are cryo-electron microscopy of vitriWed sectionsArch Microbiol (2008) 190:395–408 407
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(CEMOVIS; Al-Amoudi et al. 2004), or the use of a dual
beam scanning electron microsope (FIB-SEM; Heymann
et al. 2006); both are not accessible to us, at present, and the
specimen preparation and imaging conditions would
require careful testing.
For the continuation of our project, we aim to use
sequential tomographic reconstructions of semi-thin serial
sections, using single or dual-axis tomography (Mastro-
narde 1997; Nickell et al. 2003), following cryo-immobili-
zation, freeze-substitution and embedding. This approach
was successfully applied to cells of Schizosaccharomyces
pombe (Höög et al. 2007). It is laborious but viable at
least, and has another advantage: embedded and sectioned
cells as described here are amenable to post-embedding
immunolabelling using speciWc antibodies. This is, at pres-
ent, an advantage over ECT, where labelling techniques
have not been elaborated, yet. In addition, we are in the
course of biochemically identifying and characterizing pro-
teins which are important for maintaining the cell envelope
of I. hospitalis and N. equitans, like membrane proteins and
the S-layer, and to raise antibodies (Burghardt et al. 2007;
Burghardt et al. 2008; D. Müller, C. Meyer, R. Wirth,
H. Huber, R. Rachel, unpublished). Using serial sections in
combination with tomography, we aim to shed further light
on the unique and delicate interaction between these two
Archaea.
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